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Corrosion resistance and electrocatalytic activity were examined for nickel nanoparticles (NiNPs) 

coated screen-printed carbon-based electrodes (SPCEs) being a novel alternative to unmodified 

electrodes. The electrodeposition was used as a cost-efficient and time-saving method for preparation 

of NiNPs-SPCEs. NiNPs were characterized by scanning electron microscopy (SEM). Corrosion as 

well as hydrogen evolution reaction (HER) measurements were performed in 1 mol/L H2SO4 using 

potentiodynamic polarization method, moreover electrochemical impedance spectroscopy (EIS) 

experiments were carried out. The kinetic parameters were determined from corrosion tests and 

equilibrium potential values from HER. Presented current state-of-the-art focuses on the functional 

NiNPs catalyzator preparation opening the way to rapid ‘in-situ’ analyses in sensing applications. 
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1. INTRODUCTION 

Nanocrystalline materials are the main subject of interest in commercial applications due to 

their unusual properties [1]. At a microscopic level, the existence of pores, crevices, microcavities, etc. 

favors the increase of the electrode surface area, although mass transfer, ohmic and bubble 

overvoltages prevent the rates of electrochemical reactions from increasing proportionally. At 

nanoscopic levels, a change in the superficial ordering of the metal atoms can have a significant effect 
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on the kinetics of reactions involving adsorbed intermediates [2]. Comprehensive understanding of the 

relation between corrosion properties of the nanocrystalline materials and their structure is important 

both for following applications as well as to understand their fundamental physical/chemical properties 

[3].  

Corrosion behaviour of nanocrystalline metals varies depending on their nanostructure 

parameters, e. g. grain size. In an effort to achieve nanoscale Ni grain size the appropriate agents like 

saccharine and sodium citrate are added to working electrolytes used in electrodeposition preparation 

process [4, 5]. Nickel and nickel alloys can be used in electroanalysis and electrocatalysis requiring 

corrosion and heat resistance. The resulting nickel deposits exhibit low internal stress and good 

ductility. Simple preparation, electroinactivity in physiological solutions and high porosity are 

additional advantages of nickel oxide nanomaterials for biomolecules encapsulation [6]. 

Screen-printing is one of the most promising approaches towards simple, fast and cost-efficient 

production of biosensors. Disposable sensors in pursuance of screen printed electrodes (SPEs) 

including microelectrodes and modified electrodes have led to new possibilities in the detection and 

quantitation of biomolecules, pesticides, antigens, DNA, microorganisms and enzymes. SPE-based 

sensors are in line with the growing need for performing rapid and accurate “in situ” analyses and for 

the development of portable devices. In fact, interest in the fabrication of biosensors with high 

sensitivity, selectivity and efficiency is rapidly growing [7-13]. The preparation of nanoparticle-

modified electrodes includes the synthesis of nanoparticles and attachment of the nanomaterials to 

electrodes. Therefore, it is necessary to investigate the different nanosize electrode materials as well as 

the novel attachment approaches applying in electrochemical sensors [14-16]. 

In acidic solutions; nickel is capable of passivating to a considerable extent. This is a feature 

not predicted by the potential-pH equilibrium diagram and it is one of the reasons why in practice, 

corrosion resistance of nickel in acid solutions is better than that predicted from considerations of 

thermodynamic equilibria [17]. Nanoscale Ni grains exhibited higher passive current densities values 

during active-passive electrochemical polarization behaviour relative to polycrystalline nickel [5, 18].  

Electrochemical impedance spectroscopy (EIS) has been widely used for studying the 

electrochemical mechanisms occurring on the electrodes. EIS is a good tool for the analysis of the 

kinetics of electrode reactions. The various elements in this equivalent circuit are related to the 

metal/film and film/solution interfaces and the phenomena occurring inside the passive film. EIS 

measurements make it possible to obtain some information on the mechanism, establishing a 

theoretical transfer function and developing the passive film growth model [19-21]. 

The hydrogen evolution reaction (HER) is very significant and has been broadly studied using 

a wide range of media, and electrode materials [22, 23]. It is well established that the HER on a 

metallic electrode M, in acidic solution, proceeds according to the subsequent reaction mechanism: 
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The goal of this work was to investigate the electrochemical corrosion behaviour of nickel 

NPs-SPCE in acidic solution. We also report the study of the current-potential dependence for HER on 

electrodeposited nickel as a low cost electrocatalyst in sulphuric acid solution. The influence of 

different NiNPs electrodeposition times on electrochemical corrosion parameters and enhanced 

activity in HER was examined. The electrocatalytic characteristics of Ni nanoparticles modified 

SPCEs play very important role for their prospective use in miniaturized total-analysis systems and 

sensing applications for sensitive biomolecules electrochemical detection.  

 

 

 

2. EXPERIMENTAL SECTION 

2.1. Apparatus and Electrodes  

The electrodeposition process, corrosion tests, electrochemical impedance spectroscopy 

measurements and hydrogen evolution reaction studies were performed with the same electrochemical 

cell at room temperature and at atmospheric pressure. The electrochemical measurements were carried 

out with screen-printed carbon electrode system consisting of three electrodes: graphite working 

electrode (diameter 4.0 mm), Ag/AgCl reference electrode and graphite counter electrode. A three-

electrode SPCE system was fabricated with a semi-automatic screen-printing machine DEK 248 (DEK 

International, Switzerland). The inks used for this process were: Autostat HT5 polyester sheet 

(McDermid Autotype, UK), Electrodag 423SS carbon ink, Electrodag 6037SS silver/silver chloride 

ink and Minico 7000 Blue insulating ink (Acheson Industries, The Netherlands). 

The electrochemical measurements were conducted using an Autolab PGSTAT 302N 

potentiostat/galvanostat connected to a PC and controlled by Autolab Nova software. All 

measurements were performed with a working electrolyte volume of 50 μL, which was enough to 

cover the three-electrode system connected to the potentiostat by a small connector. The morphology 

and homogeneity of nanoscale Ni modified SPCEs were examined by a scanning electron microscope 

(JOEL JSM-7001F, Japan). All experiments were repeated and good reproducibility was obtained. 

 

2.2. Reagents and Solutions  

All used chemicals (boric acid, NiSO4.6H2O, NiCl2.6H2O, H3BO3, sodium citrate, sulphuric 

acid) were purchased from REACHEM or Laboratory Chemicals - Milan Adamík (Slovakia) and were 

of the highest grade available and used without other purification.  

 

2.3. SPCEs Surface Modification with NiNPs 

The solution, in which the nickel deposition was carried out, typically consisted of 0.7 mol/L
 

NiSO4.6H2O, 0.6 mol/L
 

NiCl2.6H2O, 0.6 mol/L
 

H3BO3 and 0.05 mol/L
 

sodium citrate. The 

electrochemical synthesis of metallic nickel was performed using a constant potential value of -2.0 V 
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in a working electrolyte containing the nickel sulphate, with the deposition times of 5 s, 10 s, 30 s,      

50 s, 70 s and 90 s.  

 

2.4. Electrochemical Study of NiNPs Modified SPCEs Corrosion Behaviour and Electrocatalytic  

Activity  

Before corrosion and HER electrochemical measurements, the samples were dipped in 

electrolyte for 120 s for stabilization of the open circuit potential (OCP). Corrosion tests for nickel 

nanoparticles substrates were performed in a 1 mol/L sulphuric acid solution. The anodic polarization 

curves were obtained in the potential range from -0.6 V to +0.1 V at a scanning rate of 0.5 mV/s. 

Corrosion current density, potential and rate were obtained using the Tafel extrapolation method. 

For the corrosion study, polarization resistances can be also evaluated from electrochemical 

impedance spectroscopy data (EIS). The potentiostat is controlled via a PC which also captures the EIS 

data. The applied frequency was varied from 10 kHz to 0.01 Hz. The electrical model that we used to 

simulate this type of electrochemical behaviour is given in Figure 1. A similar equivalent circuit model 

was earlier applied by Das and Sahoo [24].  

The charge transfer resistance (Rct) was represented by the resistance of electron transfer during 

electrochemical reaction course. The double layer capacitance (Cdl) can be correlated to the 

delamination of the coating. Solution resistance (Rs) was referred to the resistance between the 

working electrode and reference electrode. The values of charge transfer resistance and double layer 

capacitance were determined from the Nyquist plot by fitting a semicircle using the instruments 

software.  

 

 
 

Figure 1. Equivalent circuit used to fit EIS data. 

 

The HER activity of resulting NiNPs modified SPCEs was also evaluated in 1 mol/L H2SO4 

solution applying a slow potentiodynamic sweep of 0.5 mV/s in the range of potentials from 0 V to       

-1 V. In the case of Ni nanoparticles electrodeposited after 5 s and 10 s, the potential range was shifted 

from +0.2 V to -0.7 V. For the reduction of nickel oxides on the electrocatalytic layer, the NiNPs 

modified SPCEs were polarized in 1 mol/L H2SO4 at −500 mV for 180 s before hydrogen evolution 

measurement.  
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3. RESULTS AND DISCUSSION 

The aim of actual study was to investigate the influence of NiNPs electrodeposition time that 

correlated with NiNPs resulting size on their corrosion stability and electrocatalytic activity in 

sulphuric acid as a test solution.  

 

3.1. Microscopic Characterization of NiNPs Modified SPCEs  

The obtained electrodeposited NiNPs on SPCEs were studied by SEM at different 

magnifications. The choice of optimal magnification is important to obtain images that show 

agglomeration of nanoparticles in the electrodeposited layers. The size of electrochemically 

synthesized nanoparticles depends on the period of deposition process. The SEM analysis primarily 

targeted surface morphology and homogeneity of electrodeposited nickel nanoparticles. In Figure 2 the 

selected SEM micrographs of Ni nanoparticles modified SPCEs are displayed for different deposition 

periods of 5 s, 10 s, 50 s and 70 s. Particles deposited during period 30 s and 90 s were similar to the 

particles deposited during period 50 and 70 s therefore, are not shown. 

 

(a)  (b)  

(c)  (d)  

  

Figure 2. Representative SEM images of NiNPs electrodeposited onto SPCEs using deposition period 

of (a) 5 s; (b) 10 s; (c) 50 s and (d) 70 s. 
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The surface of SPCE working electrode was covered with Ni nanoparticles with different size 

distribution. A similar, oval-shaped nickel nanoparticles about 20 nm in diameter, were 

homogeneously distributed onto SPCE after 5 s (see Figure 2a). As follows from Figure 2a, there was a 

reduced coverage of SPCE with Ni nanoparticles at this deposition time. Further it is clear, that we 

observed the increase in both the size (from ca. 80 nm to 250 nm in diameter) and density of NiNPs 

with increasing electrodeposition time of 10 s, 30 s and 50 s (Figure 2b, Figure 2c). With the additional 

increase of deposition time, Ni nanoparticles also became more aggregated. Ni nanoparticles 

electrochemically synthesized after 70 s and 90 s (Figure 2d) showed the highest size (from ca. 250 nm 

to 900 nm) and coverage of working electrode.  

 

3.2. Electrochemical Corrosion Behaviour of NiNPs Modified SPCEs  

Electrochemical stability of electrodeposited nanocrystalline nickel particles was studied by 

anodic polarization curves at room temperature. The representative Tafel plots obtained for NiNPs 

modified SPCEs in sulphuric acid solution are shown in Figure 3. The reproducibility of 

potentiodynamic polarization curves was very good. NiNPs on SPCE were still observed by SEM after 

anodic dissolution process. We observed active-passive behaviour for NiNPs modified SPCEs in all 

polarization curves. Passivation behaviour of all samples was noticed at a more positive potential 

values than corrosion potential values. A zero current potential shift towards the more positive values 

with decreasing NiNPs size was observed. The increase of NiNPs electrodeposition time resulted in a 

shift of corrosion potential to more negative values with an associated increase of corrosion rate. 
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Figure 3. Representative details of potentiodynamic polarization curves of NiNPs modified SPCEs in 

1 mol/L H2SO4 solution at room temperature. 
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The electrochemical kinetic parameters such as corrosion potential (Ecorr) and corrosion current 

density (icorr) were determined from the intersection of the anodic and cathodic Tafel lines 

extrapolation. The corresponding numerical values of corrosion current density, corrosion potential 

and corrosion rate are summarized in Table 1.  

 

Table 1. Determined values of Ecorr, icorr, corrosion rates and Tafel slopes obtained from 

potentiodynamic polarization curves of NiNPs modified SPCEs in 1 mol/L H2SO4 solution at 

room temperature. 

 

NiNPs deposition time  

(s) 

Ecorr  

(mV) 

icorr  

(μA/cm
2
) 

Corrosion rate  

(mm/year) 

ba  

(mV/dec) 

5 +14.0 2.779×10
-2

 4.057×10
-6

 60 

10 -35.2 4.354×10
-2

 6.355×10
-6

 78 

30 -291 3.464 5.056×10
-3

 105 

50 -390 15.23 2.223×10
-2

 123 

70 -421 11.60 1.693×10
-2

 160 

90 -485 7.341 1.072×10
-2

 170 

 

The resulting Tafel plots displayed the highest corrosive resistance for Ni nanoparticles 

electrolytically synthesized using the 5 s time interval. A significant decrease of corrosion potential at 

value of -291 mV was observed for NiNPs sample deposited after 30 s. Furthermore, the Tafel curves 

indicated the increase of corrosion current density with increasing NiNPs electrodeposition time and 

associated increase of Ni particles size. Tafel slopes values (ba) corresponding to anodic corrosion 

dissolution process increased with time of electrodeposition (Table 1). This behavior is contributed to 

the faster corrosion process of bigger Ni nanoparticles. Ni nanoparticles with smaller diameter are 

passivated with homogeneous layer and therefore the smallest NiNPs exhibited the lowest corrosion 

rate. The corrosion rate of our six samples was evaluated to be between 4.057×10
-6 

and
 
1.072×10

-2 

mm/year. This investigation is consistent with the research performed by Li-yuan [1] and Mishra et al. 

[5]. In the case of nickel nanoparticles electrodeposited using 90 s we noticed corrosion potential value 

of -485 mV, meaning that these nanoparticles were less resistant. Potentiodynamic polarization curves 

demonstrated a shift of corrosion potential to more negative values and a decrease in electrochemical 

stability with increasing Ni particles size. The best electrochemical stability in corrosive aqueous 

media and the highest corrosion potential of +14.0 mV was displayed by NiNPs electrodeposited onto 

SPCE after a period of 5 s. Decrease of corrosion rate values together with decreasing NiNPs size 

indicated greater hindrance to anodic dissolution in nanoscale Ni modified SPCEs. 

 

3.3. Electrochemical Impedance Spectroscopy Measurements of NiNPs Modified SPCEs 

The EIS technique has proven to be a valuable test tool for the electrochemical characterization 

of the protective films on metals. This method provides detailed data on the effectiveness of a film 

over a relatively small area [19]. 
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Thus, the EIS technique was chosen to characterize the corrosion behaviour of NiNPs in the 

present study. We used the electrical circuit model given in Figure 1 for simulating electrochemical 

behaviour of the NiNPs coated SPCEs. Nyquist plots obtained from the tests in general exhibited a 

single semicircle in the high frequency region which is quite consistent to that observed by Narayanan 

et al. [25]. The Nyquist impedance plots obtained from the corrosion tests in an acidic media of 1 

mol/L H2SO4 for NiNPs electrolytically synthesized using six various deposition times onto SPCEs 

can be seen in Figure 4a. A detailed view of Nyquist diagrams observed for three highest 

electrodeposition periods is shown in Figure 4b.  
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Figure 4. (a) Representation of Electrochemical Impedance Spectroscopy (Nyquist diagrams) for the 

NiNPs-SPCEs (six deposition periods in 1 mol/L H2SO4). (b) Detail of Nyquist plots for NiNPs 

prepared using different deposition time of 50 s; 70 s; 90 s. 
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Table 2 contains the values of solution resistance (Rs), charge transfer resistance (Rct), double 

layer capacitance (Cdl) as obtained from the Nyquist impedance plots by fitting a semicircle using the 

instruments software.  

 

Table 2. Equivalent circuit parameters determined by modelling impedance spectra of Ni nanoparticles 

modified SPCEs with different NiNPs deposition period in 1 mol/L H2SO4 at room 

temperature. Estimated error took values between 0.18% and 1.6%. Surface area of working 

SPE electrode was 0.126 cm
2
. 

 

NiNPs deposition period  

(s) 

Rs 

 (Ω) 

Rct  

(Ω) 

Cdl  

(F) 

5 9426.8 8.5646×10
6
 2.412×10

-7
 

10 10524 4.0318×10
6
 2.805×10

-7
 

30 9488.4 1.9527×10
6
 4.899×10

-7
 

50 12349 89954 3.394×10
-6

 

70 10181 28099 2.041×10
-6

 

90 9100.9 15073 1.847×10
-6

 

 

For all samples we observed approximately comparable values of solution resistance (Rs). At 

shorter deposition periods of 5 s; 10 s; 30 s small separated Ni nanoparticles were formed and these 

samples demonstrated higher resistance. A decrease of charge transfer resistance (Rct) for our NiNPs-

SPCEs samples with increasing deposition period was observed. This conclusion confirmed improved 

electron transfer for this reaction for the NiNPs prepared at higher deposition period. The lower values 

of resistance are associated with higher amount of electrochemically active sites for the HER. With 

increasing electrodeposition time there was a tendency of NiNPs to form agglomerates with a 

simultaneous creation of a more coherent metallic film on the surface of working electrode. Cdl 

element is used to fit the data of the interface between an electrode and the electrolyte. The values of 

double layer capacitance (Cdl) (Table 2) increased with increasing NiNPs deposition time. The 

increasing values of Cdl indicated the increasing roughness of the NiNP modified SPCEs with 

increasing deposition time. After fitting of the measured data, the estimated error took values between 

0.18% and 1.6%. 

 

3.4. Electrocatalytic Activity of NiNPs Modified SPCEs 

The HER activity of NiNPs-SPCEs was evaluated depending on electrodeposition time and the 

size of NiNPs at room temperature. All the curves were similar and the representative current versus 

potential plots recorded during HER in 1 mol/L H2SO4 solution are given in Figure 5. The results were 

obtained by applying a slow potentiodynamic sweep of 0.5 mV/s in the range of potentials from 0.2 V 

to -0.7 V. The linear cathodic regions of the Tafel plots indicate that the HER on NiNPs modified 

SPCEs is kinetically controlled by charge transfer. It is clearly seen, that there was an equilibrium 

potential shift to more negative potential values (-4.00 mV → -304 mV) with increasing 
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electrodeposition time and corresponding size of Ni nanoparticles. Smaller Ni nanocrystalline particles 

in general offered higher electrocatalytic activity in HER compared to bigger aggregated Ni particles. 
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Figure 5. Dependence of the logarithm of the current density on potential for HER in 1 mol/L H2SO4 

solution at room temperature for NiNPs modified SPCEs.    

 

The best catalytic activity was detected for NiNPs prepared with electrodeposition period of 5 

s. The lowest Tafel slope of 57 was also obtained for this sample. Tafel slopes of the other samples 

were between 57 mV and 117 mV (Table 3).  

 

Table 3. Determined values of equilibrium potentials and cathodic Tafel slopes on NiNPs modified 

SPCEs in 1 mol/L H2SO4 solution at room temperature. 

 

NiNPs deposition time  

(s) 

Eeq  

(mV) 

bc  

(mV/dec) 

5 -4.00 57 

10 -33.0 60 

30 -183 99 

50 -230 85 

70 -272 109 

90 -304 117 

 

There was observed a shift of equilibrium potential towards noble direction for smaller 

nanoscale Ni particles beside bigger NiNPs. According to the general model of the HER mechanism, 

Volmer reaction (Equation 1) is rate determining step on NiNP modified SPCEs, with Tafel slope 

value of 116-120 mV/dec. 
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4. CONCLUSIONS 

In an effort to develop metal nanoparticles with corrosion stability and enhanced 

electrocatalytic activity we prepared NiNPs modified SPCEs by electrodeposition process. The 

resulting Ni nanoparticles structure was characterized by scanning electron microscope. We 

subsequently studied corrosion and also electrocatalytic properties for hydrogen evolution reaction 

(HER) in 1 mol/L H2SO4 using potentiodynamic polarization method. Nickel modified SPCEs 

exhibited active-passive polarization behaviour in corrosion tests. Corrosion behaviour of NiNPs-

SPCEs was strongly affected by nanoparticles size. We observed lower corrosion rates for smaller 

NiNPs as compared to Ni aggregates. In the case of bigger and aggregated Ni particles corrosion 

potential values were shifted to more negative values. HER measurements showed a potential shift to 

more negative equilibrium potential values with the increase of NiNPs deposition time associated with 

a Ni particles size growth. The best electrochemical corrosion resistance and the highest activity in 

HER was registered for Ni nanoparticles deposited using 5 s. Combination of electrochemical screen-

printed sensors with active and stable nanoscale Ni particles and films presents a considerable step 

towards improved sensitivity, long-term stability of the bioelements in sensors and novel detection 

options for these disposable microanalytical devices. 
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